Abstract-This paper presents an in-chip thermal-isolation technique for a micro-ovenized microelectromechanical-system resonator. Resonators with a microoven can be used for highprecision feedback control of temperature to compensate for the temperature dependence of resonator frequency over a wide temperature range. However, ovenization requires power consumption for heating, and the thermal time constant must be minimized for effective temperature control. This paper demonstrates an efficient local-thermal-isolation mechanism, which can reduce the power requirement to a few milliwatts and the thermal time constant to a few milliseconds. In this method, the mechanical suspension of the resonator is modified to provide thermal isolation and include an integrated resistive heater. This combination provides mechanical suspension, electrical heating, and thermal isolation in a compact structure that requires low heating power and has a small thermal time constant. A power consumption of approximately 12 mW for a 125
NOMENCLATURE

I. INTRODUCTION
T HE CMOS-compatible microelectromechanical-system (MEMS) resonators are becoming an interesting and viable technology [1] - [7] as a replacement for quartz crystals [8] - [13] for timing-and frequency-reference applications. Currently, oven-controlled quartz resonators are used to generate high-precision frequency references suitable for high-end industry and military standards [10] - [13] . In this method, the resonator is held at a fixed temperature to compensate for the temperature dependence of the resonator frequency. The extent to which the resonator is heated depends on the difference between the set point and the ambient temperature. For an ovenized resonator that is required to operate within a temperature range of −40
• C to 85
• C, the heating has to cover a range of 125
• C. Due to the large volume of a conventional quartz-crystal oscillators, which can be up to 1000 mm 3 [14] , the power consumption for heating can be as much as 10 W with a warm-up time of approximately 30 min [13] - [15] . MEMS technology offers miniaturization to submillimeter scales, which can provide substantial power reduction [1] , [16] - [18] .
A microoven, in general, constitutes a heater for joule heating and thermal isolation for reducing heat loss. Microoven designs for MEMS devices have been reported with few milliwatts of power consumption and a time constant in milliseconds [16] - [18] . In these designs, a MEMS structure is suspended on a microplatform. The microplatform is thermally isolated from the substrate and contains separate heater and sense resistors. Although promising, these designs have limitations in terms of lack of mechanical stiffness, large thermal mass, and complex fabrication processes.
This paper describes a miniature thermal-isolation design, which achieves a small thermal time constant with low power consumption. The designs illustrated here are compatible with our previously published "epi-seal" wafer-scale encapsulation process [19] , [20] ; and all its advantages, such as low leak rate, no requirement for a getter, long-term stability [21] , and low-cost manufacturing, are maintained. Designs for thermal isolation with various heating methods will be discussed and compared, before presenting the experimental results of the miniature local-thermal-isolation design.
II. DESIGNS FOR THERMAL ISOLATION
A. Heating Entire Chip for Temperature Control
Thermal isolation of the ovenized device from the surroundings is required to prevent heat loss during temperature control. It is therefore essential to thermally isolate the heater from the ambient but, at the same time, have minimum heat loss between the heater and the resonator. Hence, it is highly desirable to place the heater as close to resonator as possible. An added constraint is to achieve this thermal isolation without modifying the existing fabrication process of the resonator.
A double-ended tuning-fork (DETF)-type resonator, encapsulated within a silicon die (chip), is used (Fig. 1) . The chip is attached to the package using an adhesive and wire-bonded to make electrical contacts [ Fig. 1(a) ]. Heating resistors are placed in the device layer [ Fig. 1(b) ] in the vicinity of the resonant structure. The DETF is designed for flexural-mode actuation, as shown in Fig. 2 . The biased resonator beams are electrostatically actuated by providing an alternating stimulus signal to input electrode. The capacitive transduction between the beams and the input electrodes cause the resonator to vibrate. A resonance occurs when the frequency of the input stimulus signal becomes equal to the natural frequency of the flexural mode of the beam. The output signal is then amplified to measure the resonant frequency.
The power consumption and the thermal time constant can be estimated by using a simple 1-D lumped-parameter thermal model [22] , [23] . The expression for conductive thermal resistance is given by
Thermal capacitance can be evaluated as Radiative and convective thermal loss can be found by
where
) is the linearized radiation-heat-transfer coefficient [22] . T s is the surface temperature, and T surr is the surrounding temperature. The h conv is the convective-heat-transfer coefficient. Fig. 3 shows the equivalent thermal-resistance circuit, where P is the input power. Approximate values for the material constants are taken from the literature [24] - [27] .
In this design configuration of the MEMS chip, the thermal resistance calculated for the device layer and the chip (∼20 K/W) is very small as compared to that of wire bond and adhesive. It is therefore assumed that the entire chip, including the resonator, is approximately at a constant temperature. It is also assumed that the package acts as a heat sink, and hence, its temperature is the same as the ambient temperature. The total effective thermal isolation R eff is estimated to be approximately 600 K/W.
The power required to achieve a ∆T rise in temperature of the resonator can be found by
To obtain ∆T of 125 • C, the input power is approximately 200 mW. The thermal time constant can be estimated by (5) and is approximately 500 ms.
One method to improve thermal isolation is to release the chip from the package by removing the adhesive and keep it floating in air, thus reducing the heat loss from substrate to the package. The chip, in this case, is supported from the top by six wire bonds. The equivalent thermal circuit for the released device is shown in Fig. 4 , and the total effective thermal isolation is estimated to be approximately 3000 K/W-an improvement by a factor of five. This method of improving thermal resistance is effective but not robust and may lead to packaging problems. Furthermore, since the heat transfer from the heater to the resonator takes place in the device layer, the device layer gets heated which leads to unwanted heating up of the entire chip because of the lack of thermal isolation between the device layer and the substrate. The thermal mass of a typical resonator chip is approximately 1200 times larger than that of a single DETF, and hence, heating of the entire chip leads to longer thermal time constant and more heat loss resulting in increased input power.
B. Heating Resonator Alone With Local Thermal Isolation
Therefore, it is desired to have an alternative technique to increase the heating efficiency by heating only the resonator and simultaneously providing large thermal isolation between the resonator and its immediate vicinity in the device layer. This calls for a local heat delivery and thermal-isolation mechanism. This can be achieved by designing a resonator coupled with an in-built heater and restricting the heat loss to the ends of the heaters. The in-built heater, in this configuration, serves the dual purpose of heating, as well as thermally isolating, the DETF.
To design a resonator for good thermal isolation, it is necessary to study various heat-loss mechanisms in the structure. The resonator is encapsulated, and the atmosphere inside the encapsulation consists mainly of hydrogen gas at a low pressure of approximately 1 Pa [19] . The three modes of heat transfer considered here are as follows: 1) convection due to hydrogen molecules in the cavity; 2) radiation from the resonator; 3) conduction through the silicon beams of the in-built heater. Resonator design with local thermal isolation. The heater is in-built to the DETF, such that, the resonant structure is attached at the center of the heater. The entire structure is released except at the four anchors.
Convection due to hydrogen molecules can be analyzed by using microscopic-particle-based kinetic theory of heat diffusion [28] . Thermal conductivity of molecular-energy carriers can be evaluated as
where C = (3/2)k B n M , and ν = 8k B T /πm. It is assumed that the mean free path Λ is equal to the gap width of the cavity (1.5 µm) because of low pressure. The thermal conductivity due to the hydrogen molecules k h is estimated to be around 1 × 10 −6 W/m/K at room temperature, resulting in an effective thermal resistance of the order of 1 × 10 7 K/W and, hence, can be assumed that the heat loss due to molecular conduction is negligible as compared to other modes.
The thermal resistance due to radiation for a DETF structure, assumed to be at a maximum heating temperature of 425 K, is estimated to be approximately 1 × 10 6 K/W. Hence, for simplification, it is also assumed that the heat loss due to radiation is relatively small and can be neglected. It is, therefore, the conductive heat transfer through the silicon beams which is the dominant heat-loss mechanism in this encapsulated MEMS resonator. If a current-carrying resistive heater of constant cross section is analyzed, the temperature profile along the length of the heater, in the absence of convection and radiation heat loss, is given by (7) [22] , [23] and shown in Fig. 5 T
where x varies from −l/2 to +l/2, and T s is the end surface temperature of the heater (Fig. 5) .
The maximum temperature occurs at the center of the heater (at x = 0) and is given by Fig. 7 . One-dimensional resistor network to estimate the total effective thermal resistance of the in-built heater. Equation (10) is used for the estimation of effective thermal resistance R eff .
The expression for the rise in temperature at the center of the heater, with respect to its end surface, can be written as
where q = q/lA = ((V 2 /R e )/lA). From (9), we can establish an equivalence between a currentcarrying beam having thermal resistance of R th and heat generation of q with a lumped model having thermal resistance of R and heat flow of q for the same rise in temperature, where R is eight times smaller than R th . This suggests that the heating efficiency can be maximized if the resonator is attached at the center of the heater and that, in order to achieve the maximum temperature rise at the center of the heater for a given input power, the thermal resistance of the heater should be as large as possible.
However, the micro-ovenized resonator design is suspended from both ends by in-built resistors (Fig. 6) , so the expression for the temperature of the resonator due to heating power applied to one end of the resonator must take into account the heat loss through the other end of the resonator. Using the equivalent thermal resistance from (9), we can estimate the resonator temperature by considering the second resistor in parallel with the heater resistor (Fig. 7) . In this case, an approximate expression for the rise in temperature at the center of the heater, with respect to its end surface, can be written as
From (10), for a resonator with a heating resistor with internal heat generation of q at one end and an insulating resistor with no heat generation at the other end, both having thermal resistance of R th , we can establish an equivalent lumpedelement model with a thermal resistance of R eff and heat flow of q for the same rise in temperature, where R eff is 12 times smaller than R th . This relationship allows us to easily predict the resonator temperature for a given heating power, although the prediction is not exact because the temperature distribution on the heater is modified by the heat flow across the resonator. (Fig. 9) and measurements indicate that (10) overestimates the resonator temperature by about 20%.
The layout of the thermally isolated DETF with two in-built heaters is shown in Figs. 6 and 7 . The cross section of each heater beam is 5 by 20 µm, and its total length is approximately 2300 µm. The resonator is attached at the center of the heater for maximum heating. The entire structure is released except at the four anchors which act as mechanical supports at the bottom and provide electrical contacts at the top. The anchors are electrically insulated by silicon dioxide [see Fig. 1(a) ]. The thermal resistance of the in-built heater R th is approximately 150 000 K/W. Fig. 7 shows an equivalent lumped-capacitance model of the DETF with in-built heater. The effective thermal resistance R eff of the micro-ovenized structure is calculated using (10) and is evaluated to be approximately 12 500 K/W, which is significantly larger than nonisolated designs.
The thermal isolation of the resonator also leads to a reduced thermal time constant, because the effective thermal mass comprises only the mass of the DETF and the in-built resistors, as opposed to the entire silicon die described in Section II-A. This means that there will be rapid heating and cooling of the resonator over and above the slower thermal response of the chip. A 1-D equivalent thermal-circuit model of the in-built heater is shown in Fig. 8 . As with temperature, the thermal time constant of the resonator cannot be calculated precisely by a simple lumped-element model because of the complex temperature profile through the device, but we can make an estimate using the effective resistance of the heaters and the total thermal capacitance of the heaters and the resonator, as shown in
For the thermally isolated DETF, τ is estimated to be approximately 15 ms. The actual dynamic behavior of the device is characterized by multiple time constants from the nonheated resistor, the silicon die, and the resonator. Finite-element simulations indicate that the temperature change of the resonator itself may be up to 50% slower than the heaters. A finite-element simulation was done to examine the temperature distribution along the length of the in-built heater and the DETF, as shown in Fig. 9 . From the simulation, a power consumption of approximately 12 mW was required for a temperature increase of 125
• C. The time constant and heating power consumption of the three designs are compared in Table I . Clearly, the in-built heater can be very effective, both in terms of reducing power consumption and dynamic thermal response.
III. FABRICATION
One of the biggest advantages of this technique is with respect to fabrication. A CMOS compatible "epi-seal" encapsulation process [19] , [20] is used to fabricate this device. The structure of the fabricated device is shown in Fig. 1(a) . The device layer is insulated from the encapsulation layer by a thin sacrificial oxide, and openings for electrical contacts are made through the encapsulation layer over the anchors. Since the in-built heaters are in the device layer with the resonator, no changes to the fabrication process are required to create the thermally isolated DETF. This process ensures a vacuum inside the encapsulation with a pressure of < 1 Pa. Long term (∼1 year) stability of this vacuum condition has also been verified [21] . An optical image and a SEM cross section of encapsulated MEMS resonator with in-built heater is shown in Fig. 10 .
IV. EXPERIMENTAL RESULTS
Resonators with 1.3-MHz frequency and a mechanical Q of approximately 10
4 were used for the experiment. Since silicon resonator frequency varies nearly linearly with temperature [24] , [29] , frequency was used as a measure of temperature for this work. However, resonator frequency is also sensitive to bias voltage and axial strain.
The bias voltage induces capacitive nonlinearity, which causes the effective stiffness of the resonator beam to decrease [29] , reducing the resonator frequency. It is necessary to ensure that the bias voltage is not affected by the heating current. Fig. 11 shows the device layer schematic with circuit diagram of the resonator having in-built heater. Voltages V 1 and V 2 are applied, such that the potential difference between them acts as a joule heating voltage V h across the in-built heater
where V b is the effective bias voltage. Ideally, the resonator should see a constant bias voltage, because the portions of the in-built heaters, before and after the resonator, are nominally identical, but fabrication uncertainties result in asymmetry of the heaters that cause the bias voltage to change with the heating voltage. To remove the effect of this change in bias, a feedback-control loop was implemented to maintain a constant bias voltage on the resonator irrespective of the variable heating voltage. The bias-control circuit had a compliance of 1.0 mV, which is equivalent to a < 0.1 ppm change in frequency. A schematic of the experimental test setup is shown in Fig. 12 , and the results of the measurement are shown in Fig. 13 . Stress due to differential thermal expansion of the device layer, the chip, and the package can create compressive axial strain on the DETF, leading to a shift in frequency. The natural frequency of the resonator beam in the presence of compressive axial force can be found using the following expression [30] :
The stiffness of the in-built heater is approximately 10 000× smaller than the resonator beams, and the resulting frequency error due to differential thermal expansion of the heater is estimated to be within 0.5% of the total change in frequency due to a temperature increase of 150
• C. Since the error is not large and we are interested in the approximate estimation of the power consumption, we ignore this error. The resonator was calibrated in a thermal chamber by measuring its frequency at different ambient temperatures with no power applied to the in-built heaters. The measured temperature coefficient of frequency was found to be nearly linear and equal to −29 ppm/
• C, which is approximately the same as that of a stress-free single-anchor silicon resonator [24] , [31] . It is also necessary to check the influence of the in-built heater suspension on the mechanical quality factor (Q) of the resonator. Since the heater suspension is on both sides of the DETF, there is a linear temperature gradient across the length of the resonator beam. This gradient in temperature affects the Q. It has been shown [32] that the Q for a resonator with a linear temperature gradient and average temperature T A will be slightly higher than the Q of a resonator with no temperature gradient and uniform temperature T A . However, the temperature gradient has a minimal effect on the frequency-temperature calibration of the resonator.
A. Power Consumption
The DETF was heated using the in-built heater, and its frequency was measured as a function of input power. As shown in Fig. 13 , the frequency decreases with the increase in input power as the temperature rises. The temperature rise was evaluated using the calibration data of frequency versus oven temperature. It has been observed that there is a rise in temperature of approximately 125
• C with total power consumption of around 12 mW. The experimental output is observed to be slightly nonlinear as compared to the simulation results. This can be attributed to the fact that the material properties, including thermal conductivity and electrical resistivity of silicon, vary with temperature but were considered constant for the calculation.
B. Thermal Time Constant
The thermal time constant of the micro-ovenized resonator is an important parameter for temperature control. The thermal response was evaluated using a transient electrical-resistance measurement. A voltage pulse was applied to the heater, which caused its resistance to increase as it heated up. After the pulse ended, the heater resistance decreased as it cooled. A wheatstone bridge was used to measure the change in heater resistance during this cycle (Fig. 14) . For the measurement, a heating pulse of 4.5 V was used, and the voltage was maintained at 0.5 V during the cooling period in order to observe the change in voltage during cooling.
The measured time constants of several resonators varied between 7 and 10 ms. A typical measurement is shown in Fig. 14 . We expect the measurement to understate the time constant, because the measurement indicates the average temperature of the heater, not the temperature of the resonator itself. It is to be noted that the thermal capacitance of the DETF is approximately equal to that of an in-built heater, and so, there is potential in reducing the thermal time constant in future designs by reducing the thermal mass of the resonator itself.
C. Impact Resistance of Mechanical Suspension
The thermal resistance of the resistive heater directly depends on the length of the beam and is inversely proportional to its cross-sectional area. Design of a large thermal resistance is limited by the reduction of mechanical stiffness of the structure. However, miniaturization allows a stiffer design of the heater having relatively higher thermal resistance. To investigate the stiffness of the thermally isolated DETF structure, a drop test was carried out. The chip was soldered to an oscillator circuit board, which was rigidly bolted to a heating chuck (Fig. 15) maintained at a constant temperature of 70
• C. The chuck was dropped from a height of 1.0 cm onto a rigid platform, and the response of the resonator frequency was measured, as shown in Fig. 15 . At the time of impact, the oscillator frequency changed by approximately −45 000 ppm. The resonator immediately returned to normal operation. The change in frequency before and after the impact is within the noise of the frequency fluctuation of the uncompensated resonator due to small variation in the chuck temperature, as shown in Fig. 15 . Furthermore, the resonators survived the 5000-rpm rotation (up to ∼1400 g of acceleration) during the photoresist spin-coating steps of the fabrication process. The spin duration was approximately 1 min and was repeated six to eight times during the fabrication.
V. CONCLUSION
An efficient heat delivery and thermal-isolation mechanism for a MEMS resonator has been demonstrated. The in-built heater-based thermal-isolation technique serves a dual purpose of localized heating and local thermal isolation, thereby providing maximum heating with minimized input power. At the same time, the device has a small thermal time constant and high impact resistance because of its miniature design. Compared to the commercially used quartz crystals (1-10 W and around 30 min warm-up time), this paper has demonstrated ordersof-magnitude improvement in power dissipation and dynamic thermal response with a potential for further improvement. Furthermore, this method is simple enough to implement it into any existing MEMS fabrication process. The described design of microoven is highly suitable for temperature stabilization of microresonators and for very precise control of frequency (< 1.0 ppm) over a large temperature span. Future work will focus on designing thermal-isolation structures with a single point of attachment to the resonator, which will improve performance by eliminating temperature gradients across the resonator and by reducing power consumption and thermal capacitance. From 1996 to 1997, he was with LML Ltd., India, as an Engineer. From 1997 to 2004, he was with Bhabha Atomic Research Centre as a Scientific Officer, working on design and development of mechanical systems for harsh environments. His current research is focused on the design and optimization of micro-oven-based MEMS resonators for low power and high-temperature stability.
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